Background: The dysferlin gene has recently been shown to be involved in limb girdle muscular dystrophy type 2B and its allelic disease, Miyoshi myopathy, both of which are characterised by an active muscle degeneration and regeneration process. Dysferlin is known to play an essential role in skeletal muscle fibre repair, but the process underlying the pathogenetic mechanism of dysferlinopathy is not completely understood. Aims: To define both specific alterations of muscle fibres and a possible sequential mechanism of myopathy development. Methods: A histological, immunohistochemical, and ultrastructural analysis of 10 muscle biopsies from patients with molecularly diagnosed dysferlinopathy. Results: An inflammatory response was seen in most of the muscle biopsies. The immunohistochemical pattern demonstrated active regeneration and inflammation. Non-necrotic fibres showed alterations at different submicroscopic levels, namely: the sarcolemma and basal lamina, subsarcolemmal region, and sarcoplasmic compartment. In the subsarcolemmal region there were prominent aggregations of small vesicles, probably derived from the Golgi apparatus, which consisted of empty, swollen cisternae. In the sarcolemma there were many gaps and microvilli-like projections, whereas the basal lamina was multilayered. Conclusions: The histopathological, immunohistochemical, and ultrastructural data show that dysferlinopathy is characterised by a very active inflammatory/degenerative process, possibly associated with an inefficient repair and regenerative system. The presence of many crowded vesicles just beneath the sarcolemma provides submicroscopical proof of a defective resealing mechanism, which fails to repair the sarcolemma.
M
utations in the human dysferlin gene cause limb girdle muscular dystrophy type 2B (LGMD2B) and Miyoshi myopathy (MM). [1] [2] [3] At the onset of disease, the patient shows very few clinical signs; these begin at about 10 years of age with hyperlordosis and muscle weakness. The lower limbs are abducted and externally rotated in the LGMD2B phenotype as a result of hip muscle weakness. In the MM phenotype, there is hyperextension of the lower limbs caused by weakness of the quadriceps and gastrocnemius muscle. There is extensive wasting of the distal posterior muscles of the leg and later of the thigh. [1] [2] [3] Ten years after the onset of the disease, pronounced gait abnormalities are present in both the LGMD2B and the MM phenotype: the foot leaves the ground with a double flexion of the knee and the hip. At this stage upper limb swing is also deficient.
''Dysferlin has a central role in membrane fusion and repair''
The dysferlin gene product is a membrane associated protein that is a member of a class of homologous proteins called ''ferlins''. Dysferlin is expressed predominantly in skeletal muscle and localises to the sarcolemma without association with the dystrophin-glycoprotein complex. 3 4 Dysferlin has a central role in membrane fusion and repair. 5 6 Gene expression profiling in dysferlinopathies using a dedicated muscle microarray showed overexpression of genes involved in myogenesis, intracellular protein trafficking, and proteolysis, probably indicative of an active muscle degeneration and regeneration process. 3 In dysferlin deficient muscle of both humans and mice, muscle inflammation has been correlated with the upregulation of major histocompatibility complex (MHC) class I antigens at the periphery of fibres. [7] [8] [9] This histopathological picture suggests that both muscle inflammation and complement cascade activation precede the necrosis, and might be triggered by the presence of a structurally altered membrane. 4 10 Previous studies described ultrastructural alterations in dysferlinopathy focusing on plasmalemmal defects, alterations in the basal lamina, and degradation of nearby subsarcolemmal organelles. 10 However, the mechanism that leads to muscle degeneration has not been elucidated. Therefore, we performed a morphologicalultrastructural analysis of muscle biopsies from 10 patients in whom dyferlinopathy had been previously molecularly diagnosed, to investigate the process underlying the pathogenetic mechanism according to the recent insights into plasmalemma repair. 5 6 11 
MATERIALS AND METHODS
We examined at the ultrastructural level 10 muscle biopsies obtained from patients in whom dysferlin deficiency had been diagnosed by western blot and gene mutation analysis.
Electron microscopy
Small muscle specimens were fixed just after surgery in 2.5% glutaraldehyde in 0.1M phosphate buffer at pH 7.2-7.4, and postfixed in 1% OsO 4 in the same buffer. After dehydration in graded ethanol the specimens were embedded in Araldite. Thin sections were stained in uranyl acetate and lead citrate and observed in a Philips 410 T transmission electron microscope.
Muscle pathology
At the time of diagnosis, open muscle biopsy was obtained after written informed consent from different muscles in the lower or upper limbs. Frozen sections were routinely stained; additional serial sections were used for immunohistochemical labelling and processed separately. The total number of fibres for each section (on average, 1500 fibres) was counted and used to calculate the percentage of fibres immunolabelled with the different antibodies.
The following pathological changes were measured or recorded on routinely stained sections: range of fibre size variability, connective tissue proliferation, fatty replacement, fibre splitting, and the presence of lobulated fibres. The inflammatory response secondary to necrosis (phagocytosis) was identified by the presence of macrophages. The extent of each pathological change was judged by visual inspection of the same observer, and graded as follows: absent or normal (2), slightly increased (+), moderately increased (++), and severely increased (+++).
Muscle fibre degeneration included opaque fibres, hyaline fibres, and those undergoing phagocytosis. Muscle regeneration was expressed as the percentage of fibres showing positive labelling with three antibodies used as markers of regeneration: fetal myosin, laminin A, and vimentin.
The severity of the dystrophic process and muscle histopathology was scored using three different categories.
(1) Severe dystrophic process: degenerating and regenerating fibres, pronounced fibrofatty replacement; (2) moderate dystrophic process: a few degenerating fibres, mild fibrosis; and (3) mild myopathic features: myopathic features, central nuclei, split fibres.
Immunohistochemical analysis
Serial muscle biopsies were sectioned, collected on to gelatine coated slides, air dried, blocked with bovine serum albumin in phosphate buffered saline, and incubated for one hour with the appropriate primary antibodies diluted 1/100. The antibodies used were monoclonal antibodies directed against: caveolin 3 (Transduction Laboratories, Lexington, Kentucky, USA), the Golgi complex (Chemicon, Temecula, California, USA), vimentin (Monosan, Uden, The Netherlands), laminin A (Chemicon), fetal myosin (Novocastra, Newcastle upon Tyne, UK), macrophages (clone EBM11; Dako, Carpinteria, California, USA), CD4 positive helper/inducer T cells (clone MT310; Dako), CD8 positive cytotoxic/suppressor T cells (clone DK25; Dako), and MHC class I molecules (W6/32; Dako).
After washing, the specific labelling was developed by immunofluorescence, using antimouse cyanine 3 conjugated immunoglobulin (Caltag, Burlingame, California, USA) diluted 1/100 and incubated for 30 minutes. Sections were examined with epifluorescence microscopy; the same optical fields have been identified in serial sections.
RESULTS

Muscle pathology and immunohistochemistry
According to the characteristics and severity of the pathological picture, moderate dystrophic and active dystrophic patterns were characterised by increased fibre size variability and fibrofatty replacement; advanced stage dystrophy showed many lobulated fibres (table 1). Ages are given in years.
LGMD, limb girdle muscular dystrophy; MM, Miyoshi myopathy; LGMD/MM, pattern of involvement is common to both phenotypes; -, absent; +, scattered lobulated fibres or mild increase of fibrotic tissue; ++, moderate increase of fibrotic tissue; +++, pronounced increase of fibrotic tissue. We found the highest rates of degeneration (. 1% of total fibres) and regeneration (. 10% of total fibres) in muscle biopsies showing active dystrophy (tables 2, 3), mostly from young patients.
An increased inflammatory response (moderate or pronounced increase in MHC class I and/or macrophage reaction) was seen in most of the muscle biopsies (67%), and it was present in almost all cases with active dystrophy (tables 1, 2). We found that macrophages were the most abundant inflammatory cell type, and they were seen surrounding or invading muscle fibres or localised to the endomysium. T cells were localised both in the perimysium and in the perivascular region, and in the endomysium or invading fibres in phagocytosis. An increased MHC class I positive reaction was seen in association with the presence of macrophages (table 2) , but was also localised in regenerating fibres, and occasionally on the surface of non-necrotic and non-regenerating fibres.
The study of serial muscle sections immunolabelled with antibodies to caveolin 3, the Golgi, and fetal myosin showed different pathological patterns: one was characterised by basophilic ( fig 1A) and fetal myosin positive fibres (fig 1D) , which showed reduced caveolin 3 labelling ( fig 1C) and were almost negative for Golgi antibody (fig 1B) ; other atrophic non-regenerating fibres showed increased labelling for caveolin 3, possibly related to the thickening of the sarcolemma.
Muscle ultrastructure
Inflammatory response
An inflammatory response was seen in most of the muscle biopsies. It was characterised by T cells localised in the perimysium, in the perivascular region, and in the endomysium or invading fibres in phagocytosis. Non-necrotic fibres were selected for the subsequent study at the ultrastructural level.
Muscle cell alterations (table 3) could be easily divided into three groups according to their localisation: (1) sarcolemma and basal lamina; (2) subsarcolemmal region; and (3) sarcoplasmic compartment.
(1) Sarcolemma and basal lamina. The ultrastructural study of the surface cell layer showed few sarcolemmal gaps and many elongated microvilli-like projections (fig 2A) , which were oriented either parallel ( fig 2B) or perpendicular to the sarcolemma. The basal lamina was usually 
-, Normal; ¡, mild increase; +, moderate increase; ++, prominent increase. thickened or multilayered (fig 2B) , and seemed to include some globular aggregates of amorphous electrondense material ( fig 2C) . These globules were also seen tightly associated with microvilli-like projections. Occasional lymphocytes were seen inside the virtual space between the sarcolemma and the basal lamina ( fig 2D) . (2) Subsarcolemmal region. This region was characterised by the presence of several aggregates of small vesicles ( fig 3A) , which probably derive from the Golgi apparatus ( fig 3B) . The Golgi apparatus was often made up of swollen, empty cisternae close to the periphery of the nucleus. Some non-specific degenerative alterations ( fig 3D) could also be seen, together with large vacuoles containing myelin-like lamellae ( fig 3C) . (3) Sarcoplasmic compartment. The main submicroscopic alterations were non-specific architectural changes, mild or severe loss of myofilaments, dilated rough endoplasmic reticulum and T system profiles, and degenerative changes of the mitochondria. Some central nuclei were also seen, in addition to many lipid vacuoles and mitochondrial aggregates, both in the intermyofibrillar and subsarcolemmal regions.
DISCUSSION
The diagnosis of dysferlinopathy in our 10 patients was based on the detection of dysferlin deficiency on muscle biopsy and was confirmed by the identification of dysferlin gene mutations in nine of the 10 cases.
To date, only a few studies have reported on the ultrastructural alterations seen in patients with dysferlinopathy, and they have suggested abnormalities of the sarcoplasmic compartment 12 and demonstrated microvilli projection, subsarcolemmal vesicles, and small plasmalemmal defects. 10 The membrane attack complex was also found to be increased in some patients 10 and extensive inflammatory infiltrates were observed. 7 Using immunohistochemistry, we found increased expression of MHC class I and increased numbers of macrophages and T lymphocytes in most patients; ultrastructural studies showed that some macrophages and lymphocytes were tightly adhered to the sarcolemma.
Recently, it has been suggested that dysferlinopathy results from abnormal plasma membrane repair mechanisms. 5 6 11 Our results show that the sarcolemma and basal lamina are unusually thickened and multilayered. We found many plasmalemmal gaps, microvilli-like projection, and aggregates of amorphous electrondense material. In the subsarcolemmal region there were prominent aggregates of small vesicles, which probably derived from the Golgi apparatus, and were composed of empty, swollen cisternae.
The patients who received a histopatological score graded as moderate or severe showed alterations at both the sarcolemmal and sarcoplasmic level. The importance of the presence of elongated microvilli-like projections, oriented parallel to the cell surface, is still unclear: they are probably a consequence of sarcolemmal damage, or they could be an attempt to extrude membrane segments that have been abnormally assembled.
The plasmalemma resealing mechanism seems very important both in normal and in pathological conditions. 6 12 Membrane disruptions mostly occur after eccentric contractions and various degrees of mechanical stress; a defective membrane repair mechanism easily results in the necrosis of muscle fibres. The repairing capacity of plasmalemma is dependent on the extracellular presence of Ca ++ with a ''surface precipitation reaction'' or exocytotic delivery of internal membrane. 13 The role of exocytosis is probably most important for relatively large (. 1 mm in diameter) disruptions. 13 The mechanism by which intracellular vesicles successfully repair plasmalemma damage is the formation of a ''patch'' of internally derived membrane over a disruption site. Membrane resealing is triggered by Ca ++ entry through the membrane gap; this causes a rapid fusion of vesicles in the subsarcolemmal region, which can occur homotypically (vesicles fusing with each other) or heterotypically (vesicles fusing with the sarcolemma itself). 13 The role of dysferlin, which harbours cytoplasmic Ca ++ binding domains, would be to trigger signal transduction events, such as phospholipid binding and vesicle fusion. 6 13 14 The presence of many crowded vesicles just beneath the sarcolemma provides submicroscopical proof of a defective resealing mechanism, which fails to repair the sarcolemma. These findings agree with those reported in dysferlin null mouse muscle, where accumulation of vesicles beneath a damaged membrane was observed. 5 Recent work has established that the vesicle population used for patch formation probably derives from lysosomes. 13 We saw several Golgi zones composed of many enlarged, swollen cisternae and tubules. These structures were sometimes associated with large vacuoles, mostly empty or containing myelinated figures.
''Although degenerative sarcoplasmic compartment abnormalities can be seen in various muscular dystrophies, sarcolemmal and basal lamina changes appear to be more specific to dysferlinopathy'' Similar, abnormally large, vacuolated structures in the subsarcolemmal area have been described in the caveolin deficient muscle fibres of LGMD1C. 15 The presence of similar large vacuoles in the subsarcolemmal region in our cases could explain the interaction of dysferlin with caveolin 3 in human skeletal muscle, because muscle caveolae are thought to play a role in the formation or organisation of the T tubule system. [15] [16] [17] In dystrophinopathies and sarcoglycanopathies, the lack of one component of the dystrophin-glycoprotein complex at the sarcolemma causes the disruption of the structural linkage between the cytoskeleton and the extracellular matrix, with consequent instability of the sarcolemma. 4 5 However, a different mechanism is at work in dysferlinopathy. 5 11 Although degenerative sarcoplasmic compartment abnormalities-including the loss of myofilaments, dilated rough endoplasmic reticulum, and abnormal T tubules-can be seen in various muscular dystrophies, sarcolemmal and basal lamina changes appear to be more specific to dysferlinopathy. Sites with disrupted sarcolemma and vesicle accumulation can be detected only in dysferlin null muscle.
Similar to previous observations in human muscle, 10 12 the results of our study suggest a sequential pathogenetic mechanism for the development of fibre damage in dysferlinopathy. The histopathological and ultrastructural changes that we observed could be collected under the following sequential physiopathological steps: (1) sarcolemmal lesion in small gaps; (2) accumulation of vesicles probably derived from the Golgi; (3) formation of papillary projections, pluristratification of basal lamina, and electron dense material during abnormal repair mechanisms; (4) inflammation and regeneration; and (5) degeneration, as demonstrated by vacuoles with degenerating myofibrils, severe loss of myofilaments, dilated rough endoplasmic reticulum, and changes in the mitochondria. Although inflammation and degeneration are prominent in early dysferlinopathy, both plasmalemma resealing and repair are not efficient.
Our results differ from earlier studies in dysferlin null mice, 5 because we found pluristratification of the basal lamina, papillary projections, electron dense globular aggregates, and inflammatory features such as lymphocytes in the virtual space between the sarcolemma and the basal lamina. However, in another animal model (AJ mice and dysferlin gene transgenic mice) there was pronounced thickening and focal duplication of the basal lamina.
18 Also in this model, accumulation of vesicles beneath the sarcolemma and areas of membrane discontinuity were seen. 18 Myofibre degeneration in dysferlin null muscle appears to be remarkably similar between different species.
Our present study provides novel insights into the pathogenesis of the disease, which largely support the theory of an abnormal plasma repair mechanism. Unfortunately, in humans, a direct functional analysis cannot be done; therefore, some caution is recommended with regard to these conclusions. Take home messages N We undertook a histological, immunohistochemical, and ultrastructural analysis of 10 muscle biopsies from patients with molecularly diagnosed dysferlinopathy N Dysferlinopathy was characterised by a very active inflammatory/degenerative process, possibly associated with an inefficient repair and regenerative system N The presence of many crowded vesicles just beneath the sarcolemma provides submicroscopical proof of a defective resealing mechanism, which fails to repair the sarcolemma Ultrastructural aggregations of small vesicles are seen both in human and mouse dysferlin deficient muscle; however, human dystrophy presents additional features such as papillary projections and extrusion of electron dense globular material that are probably caused by a defective resealing and regeneration mechanism. Ultrastructural analysis showed that pronounced thickening of the basal lamina and isolated areas of membrane discontinuity appear to be the early stages of loss of sarcolemma integrity and a characteristic feature of dysferlinopathy.
